Lars Lind, 11 Nancy L. Pedersen, 5 Erik Ingelsson, 2, 11 Lars A. Forsberg 1,2 * Tobacco smoking is a risk factor for numerous disorders, including cancers affecting organs outside the respiratory tract. Epidemiological data suggest that smoking is a greater risk factor for these cancers in males compared with females. This observation, together with the fact that males have a higher incidence of and mortality from most non-sex-specific cancers, remains unexplained. Loss of chromosome Y (LOY) in blood cells is associated with increased risk of nonhematological tumors. We demonstrate here that smoking is associated with LOY in blood cells in three independent cohorts [TwinGene: odds ratio (OR) = 4.3, 95% confidence interval (CI) = 2.8 to 6.7; Uppsala Longitudinal Study of Adult Men: OR = 2.4, 95% CI = 1.6 to 3.6; and Prospective Investigation of the Vasculature in Uppsala Seniors: OR = 3.5, 95% CI = 1.4 to 8.4] encompassing a total of 6014 men. The data also suggest that smoking has a transient and dose-dependent mutagenic effect on LOY status. The finding that smoking induces LOY thus links a preventable risk factor with the most common acquired human mutation.
T obacco smoking killed~100 million people during the 20th century and is projected to kill~1 billion people during the current century, assuming that the current frequency of smoking is retained (1, 2) . Lung cancer is the prime cause of cancer-associated death in relation to smoking. However, smoking is also a risk factor for tumors outside the respiratory tract, and these are more common in males than females [hazard ratio in males: 2.2, 95% confidence interval (CI) = 1.7 to 2.8; in females: 1.7, 95% CI = 1.4-2.1] (2). Moreover, males have a higher incidence and mortality from most nonsex-specific cancers, disregarding smoking status, and this fact is largely unexplained by known risk factors (3, 4) . A recent analysis of noncancerous blood cells revealed that a male-specific chromosomal aberration, acquired mosaic loss of chromosome Y (LOY), is associated with an increased risk of nonhematological tumors among aging males (5).
Here, we analyzed possible causes of LOY by studying 6014 men from three independent prospective cohorts-TwinGene, n = 4373 (6, 7); Uppsala Longitudinal Study of Adult Men (ULSAM), n = 1153 (8); and Prospective Investigation of the Vasculature in Uppsala Seniors (PIVUS), n = 488 (9)-from which comprehensive epidemiological records are available (tables S2 to S4). We included the following environmental, lifestyle, and clinical factors in the analyses: smoking, age, hypertension, exercise habits, diabetes, body mass index, low-density lipoprotein cholesterol, highdensity lipoprotein cholesterol, education level, and alcohol intake. We also included genotyping quality as a confounder in the regression analyses, to adjust for possible influence of experimental noise. Similar definitions of factors were used in all cohorts, as outlined in tables S2 to S5 and described in detail in the materials and methods section of the supplementary materials. Estimation of LOY was based on singlenucleotide polymorphism (SNP)-array data using the 2.5MHumanOmni and HumanOmniExpress beadchips in the ULSAM and PIVUS/TwinGene studies, respectively ( fig. S1 ). The estimation of the degree of mosaicism and scoring of LOY was undertaken using the continuous median logR ratio (mLRR-Y) estimate, calculated from SNParray data as the median of the logR ratio of all SNP probes within the male-specific part of chromosome Y (MSY), as described previously (5) . An mLRR-Y estimate close to zero indicates a normal chromosome Y state, whereas more negative mLRR-Y values denote an increasing level of blood cells with LOY. To facilitate comparisons between the three cohorts, we corrected the mLRR-Y values for all participants, using cohortspecific correction constants, as explained in the supplementary materials (figs. S1 and S2).
LOY was by far the most common postzygotic mutation found in the three cohorts. The age range at sampling in ULSAM and PIVUS was 70.7 to 83.6 years and 69.8 to 70.7 years, respectively, and we found LOY in 12.6% of ULSAM participants and 15.6% of PIVUS participants (figs. S3 and S4). The age range at sampling in TwinGene was 48 to 93 years, and the frequency of LOY in the entire cohort was 7.5% ( fig. S5 ). However, in TwinGene participants aged 70 years or older, 15.4% had LOY, which is similar to the LOY frequency in the other cohorts in the same age range. In TwinGene participants younger than 70 years, only 4.1% were affected by LOY. Thresholds for LOY scoring, at the lower 99% confidence limit of the distributions of experimental mLRR-Y variation (TwinGene = -0.1324, ULSAM = -0.1024, and PIVUS = -0.1182), were used for frequency calculations, as explained in the supplementary materials and figs. S3 to S5. At this degree of mosaicism,~10% of the analyzed nucleated blood cells from each sample are affected by LOY. Mosaic LOY in blood detected with SNP arrays was validated using whole-genome next-generation sequencing (NGS) in 100 random participants in the ULSAM cohort. There was 100% concordance in LOY scoring between results from SNP array and NGS data (5).
We found a strong association between smoking and LOY status in the three independent cohorts. Current smokers had a significantly higher degree of LOY mosaicism, compared with nonsmokers and past smokers, in unadjusted models ( Fig. 1 ) and in the multivariable models adjusting for the above-mentioned potential confounders (table S1, ; PIVUS F (1,385) = 9.1, P = 0.0028). Apart from smoking, the only other factor significantly associated with LOY was age, which was observed in TwinGene, with higher degree of LOY in older participants. The age range in ULSAM and PIVUS was narrower (see above), which may explain why age had no effect on LOY in these regression models (tables S1 and S5). To assess the risk of LOY in blood cells of smokers, we used logistic regression adjusting for the same confounders as in table S1. Participants were LOY-scored as 1 or 0 before these analyses based on the continuous mLRR-Y estimate, using the same threshold as for the estimations of LOY frequencies-i.e., the lower 99% CIs of the experimentally induced mLRR-Y variation (figs. S3 to S5). The adjusted odds ratio (OR) estimates from logistic regressions were highest in TwinGene (OR = 4.3, 95% CI = 2.8 to 6.7), followed by PIVUS (OR = 3.5, 95% CI = 1.4 to 8.4) and ULSAM (OR = 2.4, 95% CI = 1.6 to 3.6). The corresponding unadjusted ORs are given in table S6. Based on these calculations, we estimate that current smokers in the studied cohorts had a 2.4 to 4.3 times greater risk of displaying LOY compared with nonsmokers. Furthermore, among the current smokers in the large TwinGene cohort, we found a strong dose-response effect with more LOY in heavy smokers-i.e., smokers with LOY had been smoking significantly more pack-years compared to smokers without LOY (Fig. 2C) .
Our results suggest that the association between smoking and LOY is valid for current smokers only (Fig. 2, A and B) . Previous epidemiological studies showed that smoking cessation at any age is associated with dramatically reduced death rates. For smokers who quit at 25 to 34 years of age, survival was nearly identical with those who had never smoked (2, 10). We analyzed the level of LOY after smoking cessation in the ULSAM and the TwinGene cohorts by using LOY data in past regular smokers (table S5) . No difference in LOY frequency between neversmokers and previously regular smokers was found (Fig. 2, A and B) . One possible explanation for these results is that the previous smokers with LOY died off faster than the rest of the cohort. Another, and perhaps more likely, explanation is that LOY is induced and sustained by smoking and that LOY is a dynamic and reversible process.
Whether the LOY induced by smoking plays a direct role in cancer is unclear. One hypothesis is that smoking is clastogenic-that is, it induces many chromosomal abnormalities, including an incidental loss of the Y chromosome. In this scenario, LOY would be a neutral passenger mutation and a reporter of a general tendency of chromosome missegregation in mitosis, which is enhanced by smoking and associated with risk for cancer and mortality. A second hypothesis is that LOY in blood cells is a causative factor in cancer development, possibly through effects on tumor immunosurveillance (11) . We conducted a preliminary test of this hypothesis by investigating possible functional consequences of LOY in sorted blood cells from three ULSAM survivors scored with LOY and still alive at the age of 91 years. We sorted cells from three compartments (granulocytes, CD4+ T-lymphocytes, and CD19+ B-lymphocytes) in subjects that displayed LOY in earlier serial analyses of whole blood, performed at four time points during two decades (fig. S6) . The three subjects were free from cancer diagnoses at the time of blood collection at 91 years. The data from these experiments are tantalizing because (i) the percentage of cells with LOY differed between different compartments of the hematopoietic system, and (ii) ULSAM-1412 suggests that LOY might be an oligo-clonal process, because cells derived from myeloid and some (but not all) lymphoid progenitors display LOY. These preliminary results support the second hypothesis. If LOY were a phenotypically neutral passenger mutation, one would expect that LOY cells would be randomly distributed within all components of the hematological system. It was recently shown that LOY status of blood cells is associated with a higher risk for all-cause mortality as well as a higher risk for nonhematological cancers and that it can be considered as a biomarker of male carcinogenesis (5). We hypothesized that a disrupted tumorimmunosurveillance in LOY-affected cells could help explain the connection between LOY status of noncancerous blood cells and risk for tumors in other tissues (5, 11) . These results also support the second hypothesis and the increasingly recognized view that chromosome Y carries many vital functions in biological processes beyond sex determination and sperm production (12) (13) (14) (15) (16) .
Our results are consistent with a previously described dynamic nature of expanding-contracting noncancerous cell clones in blood affected with ], and results from post hoc analysis adjusting P values for multiple testing using a Tukey post hoc test are displayed. In ULSAM (B), there was also a significant difference between three smoking categories (ANOVA; F (2,1107) = 12.2, P = 5.812 × 10 ), and post hoc analysis is shown. In both cohorts, the current smokers had a significantly higher degree of LOY compared with all other categories. The average degree of LOY in the previously regular smokers was not significantly different from the average degree of LOY in the neversmokers in both cohorts. (C) A dose-response effect within current smokers in TwinGene, with men smoking the most pack-years also being associated with higher degree of LOY, as defined in fig. S5 (Kolmogorov-Smirnov test: D = 0.2244, P = 0.0010).
mosaic genetic aberrations-i.e., it appears that the relative frequency of cells from a cell clone can first increase and then decrease later in life (5, 17, 18) . In the present analyses, LOY was detected in ≥10% of blood cells from about 15% of elderly males in three cohorts (figs. S3 to S5). The cell clones with LOY were likely detectable in our analyses because they are enriched due to an increased proliferative potential as a consequence of LOY, which is in agreement with chromosome Y containing tumor suppressor genes. Recent analysis of >8200 tumor-normal pairs suggest that two genes (ZFY and UTY, from the malespecific part of Y) have properties of tumor suppressors (19) . Interestingly, both genes have homologs on chromosome X and escape X inactivation (19, 20) . Moreover, other analyses of various tumor collections show that chromosome Y is lost from numerous types of tumors in frequencies ranging from 15 to 80% of cases (21) (22) (23) (24) . Thus, counting both LOY in noncancerous blood clones and in transformed tumor cells, nullisomy Y is among the most common, if not the most common, human mutation. The results presented here suggest that this aneuploidy, affecting 1.6% of the genome, is likely induced by smoking.
In conclusion, we show that LOY is more common in current smokers compared with noncurrent smokers in three cohorts ( Fig. 1 and table  S1 ), that the effect from smoking on LOY is dose dependent, and that this effect appears to be transient, as it disappears after smoking cessation (Fig. 2) . Epidemiological observations suggest that smoking could be a greater risk factor for cancer outside the respiratory tract in males compared with females (2, 4, 10) . Moreover, males have a higher incidence and mortality from most sex-unspecific cancers (3, 4) . The molecular mechanisms behind these observations are not well understood, but LOY, being a male-specific, smokinginduced risk factor, could provide a missing link and help explain these sex differences. Lysosomes are crucial cellular organelles for human health that function in digestion and recycling of extracellular and intracellular macromolecules. We describe a signaling role for lysosomes that affects aging. In the worm Caenorhabditis elegans, the lysosomal acid lipase LIPL-4 triggered nuclear translocalization of a lysosomal lipid chaperone LBP-8, which promoted longevity by activating the nuclear hormone receptors NHR-49 and NHR-80. We used high-throughput metabolomic analysis to identify several lipids in which abundance was increased in worms constitutively overexpressing LIPL-4. Among them, oleoylethanolamide directly bound to LBP-8 and NHR-80 proteins, activated transcription of target genes of NHR-49 and NHR-80, and promoted longevity in C. elegans. These findings reveal a lysosome-to-nucleus signaling pathway that promotes longevity and suggest a function of lysosomes as signaling organelles in metazoans.
L ysosomes contain acid hydrolytic enzymes, digesting macromolecules taken up by endocytosis and recycling dysfunctional cellular components during autophagy (1). Lysosomal deficiency is associated with human diseases. For example, loss of human lysosomal acid lipase, LIPA, results in severe systemic metabolic malfunction known as infantile Wolman disease (2) . Here, we explored how lysosomes might generate signaling molecules that regulate aging by influencing nuclear transcription.
We analyzed a Caenorhabditis elegans longevitypromoting lipase, LIPL-4, which has sequence and functional similarities with human LIPA (fig. S1 ). Lipid hydrolase activity was decreased in lipl-4(tm4417) loss-of-function mutants at pH 4.5 but not at pH 7.4 (Fig. 1A) . FLAG-tagged LIPL-4 protein was localized to intestinal lysosomes (Fig. 1, B to D, and fig. S2 ). Increased lipl-4 expression is associated with longevity (3). A transgenic strain (lipl-4 Tg) that constitutively expressed lipl-4 in the intestine had 55% mean life-span increase compared with wild-type (WT) animals ( Fig. 1E and table S1) and delayed age-related decline of physical activity ( fig. S3A ). Constitutive expression of LIPL-4 without the signal peptide (lipl-4 Tg no SP), which was not targeted to the lysosome, caused little extension of life span ( fig. S4 and  table S1 ), which suggests that the lysosomal activity of LIPL-4 is essential for its longevity effect.
To elucidate whether lipid signals are affected by the LIPL-4 lipase, we examined fatty acid-binding proteins (FABPs) that are intracellular lipid chaperones shuttling lipid molecules between cellular SCIENCE sciencemag.org
